Accelerated partial breast irradiation has caused higher than expected rates of poor cosmesis. At our institution, a novel breast stereotactic radiotherapy device has demonstrated dosimetric distributions similar to those in brachytherapy. This study analyzed comparative dose distributions achieved with the device and intensity-modulated radiation therapy accelerated partial breast irradiation. Nine patients underwent computed tomography simulation in the prone position using device-specific immobilization on an institutional review board-approved protocol. Accelerated partial breast irradiation target volumes (planning target volume_10mm) were created per the National Surgical Adjuvant Breast and Bowel Project B-39 protocol. Additional breast stereotactic radiotherapy volumes using smaller margins (planning target volume_3mm) were created based on improved immobilization. Intensity-modulated radiation therapy and breast stereotactic radiotherapy accelerated partial breast irradiation plans were separately generated for appropriate volumes. Plans were evaluated based on established dosimetric surrogates of poor cosmetic outcomes. Wilcoxon rank sum tests were utilized to contrast volumes of critical structures receiving a percentage of total dose (Vx). The breast stereotactic radiotherapy device consistently reduced dose to all normal structures with equivalent target coverage. The ipsilateral breast V20-100 was significantly reduced (P < .05) using planning target volume_10mm, with substantial further reductions when targeting planning target volume_3mm. Doses to the chest wall, ipsilateral lung, and breast skin were also significantly lessened. The breast stereotactic radiotherapy device's uniform dosimetric improvements over intensity-modulated accelerated partial breast irradiation in this series indicate a potential to improve outcomes. Clinical trials investigating this benefit have begun accrual.
Introduction
The incidence of breast cancer in the United States has remained largely stable for several decades, yet a number of advances in management have been made during this period. 1 patients with early-stage disease. 2 Six prospective randomized clinical trials have established the equivalence of breast conservation surgery followed by whole-breast irradiation (WBI) to mastectomy in overall and disease-free survival. [3] [4] [5] [6] [7] [8] Breast irradiation following breast-conserving surgery has proven indispensable in this regimen based on its impact on local control. 6, [8] [9] [10] [11] [12] [13] [14] [15] However, as many as a third of eligible patients do not receive the recommended course of radiation therapy (RT) for a host of reasons. 16, 17 Adjuvant RT traditionally has been delivered over a 5-week course to the entire ipsilateral breast, with an additional 1 week focused on the lumpectomy cavity. In recent years, there has been a shift toward shorter courses of therapy. Hypofractionated regimens have shown equivalent or improved cosmesis in select populations without sacrifices in local control or other oncologic metrics. 18, 19 Although these regimens can shorten therapy to 3 to 4 weeks, this often does not obviate the aforementioned challenges that keep patients from therapy.
Accelerated partial breast irradiation (APBI) has further improved on this model by shortening the course of therapy while limiting the volume irradiated. The duration of treatment is usually 1 week and is much more convenient for patients, especially those with limited means or transportation difficulties. Accelerated partial breast irradiation may be delivered by several techniques, including intraoperative RT, intracavitary RT, interstitial RT, and external beam RT (EBRT; either 3-dimensional conformal RT [3D-CRT] or intensity-modulated RT [IMRT] APBI). Three-dimensional conformal RT has been used most widely, likely as a result of its noninvasive approach and ease of administration. More than two-thirds of individuals enrolled on the National Surgical Adjuvant Breast and Bowel Project (NSABP) B-39 protocol were treated with this approach instead of intracavitary or interstitial approaches. 20 As prescribed in NSABP B-39, 3D-CRT APBI involves a considerable volumetric expansion on the postoperative lumpectomy cavity to generate treatment volumes that account for multifocal breast cancers as well as the setup uncertainty resulting from supine positioning of the breast and respiratory motion. The clinical target volume (CTV) requires a 15-mm isotropic expansion from the lumpectomy cavity, limited to the posterior extent of the breast tissue and off of the skin. The planning target volume (PTV) expansion is 10 mm to account for possible daily variability in setup. This significantly increases the volume of breast tissue treated with radiation in comparison with invasive brachytherapy techniques.
Accelerated partial breast irradiation delivered by 3D-CRT has been associated with worsened cosmetic outcomes. [21] [22] [23] Prospective experience from the Randomized Trial of Accelerated Partial Breast Irradiation demonstrated increased grade 1 to 2 toxicities among APBI patients compared with those undergoing WBI. 21 Hepel et al demonstrated that both subcutaneous fibrosis and fair-to-poor overall cosmetic outcomes, as graded by Harvard criteria, correlated with the PTV to whole breast volume ratio and the ratio of the volume of breast tissue receiving each of several percentages of the prescription dose to the volume of the whole breast (V x ). 23 Decreases in dose to uninvolved breast by reduction in the target volume, decreases in treatment setup uncertainty, and improvements in dose conformality could, therefore, lead to improvements in clinical outcomes. At our institution, a novel breast stereotactic radiotherapy device (BSRTD), the GammaPod, has been developed ( Figure  1) . The device provides highly conformal dose distributions combined with a stereotactic immobilization system for the breast. 24 The resultant ability to deliver RT with distributions similar to or more conformal than intracavitary brachytherapy has previously been demonstrated and reported. 25 For this approach, the patient is simulated and treated in the prone position. The immobilization consists of a device-specific, negative-pressure breast cup with a documented reproducibility of <2 mm of setup error. 24, 26 We hypothesized that consistent dosimetric improvements could be demonstrated with Breast stereotactic radiotherapy (BSRT) plans generated for target volumes identical to those used in traditional EBRT APBI treatment plans. We further hypothesized that with the immobilization device, the PTV expansion could be significantly reduced, from 10 to 3 mm, leading to further improvements in sparing of normal breast tissue and nearby critical structures. Finally, we proposed that these improvements could be realized in clinically relevant parameters, especially in dose-volume criteria suggested by Hepel et al as important predictors of cosmetic outcomes. 23 
Materials and Methods
Nine women (age range: 41-80 years; median: 53 years), each of whom had been previously treated for breast cancer with lumpectomy followed by adjuvant WBI (median: 4.6 years prior; range: 0.7-8.3 years), provided written consent and were enrolled in a study approved by the institutional review board of University of Maryland, Baltimore (NCT01704547). Both left-(n ¼ 4) and right-sided (n ¼ 5) lumpectomy cavities were permitted. Patient breast/bra size varied: 34B, 34B, 36A, 36B, 36C, 36DD, 40C, 40D, 42D. For each patient, the previously treated breast was immobilized using the BSRTD system. The system uses a device-specific, 2-layered breast cup that applies a slight negative pressure (*100-150 mm Hg) to the immobilized breast. The immobilization device and patient loader were well tolerated by all patients included with minimal discomfort and with favorable, patient-reported comparisons to mammography or breast magnetic resonance imaging procedures. During the performance of this effort, several modifications were made to the breast cup application workflow including the addition of a silicone insert to improve the seal between the cup and the breast for women with breast sizes in between cup sizes. The process was successfully honed to establish reliable immobilization and reproducibility.
The cup was secured to the treatment table, and the patient underwent noncontrast computed tomography (CT) imaging in the prone position. Computed tomography images were obtained with 1-mm slice thickness from approximately the clavicles to 2 cm below the inframammary fold. Images were transferred to the departmental treatment planning system for target and normal tissue delineation.
The lumpectomy cavity was contoured based on surgical clips, postoperative changes, and clinical notes as guidance. Volume of the targeted lumpectomy cavity ranged from 0.9 to 8.6 cm 3 (median: 4.2 cm 3 ). The surrounding critical structures were contoured per the NSABP B-39 protocol appendices: ipsilateral breast, chest wall, ipsilateral lung, heart, and ipsilateral skin overlying the breast. The skin contour was generated as a 5-mm contraction from the exterior of each patient within the ipsilateral breast volume.
Per NSABP B-39, a CTV was generated with a 15-mm expansion from the lumpectomy cavity, limited by the skin and the chest wall. An additional 10 mm was expanded for PTV_10mm. An additional PTV was generated with a 3-mm expansion (PTV_3mm). PTV_eval for each of these included the plan's respective PTV excluding the most superficial 5 mm of skin as well as tissue beyond the posterior extent of the breast tissue. An IMRT APBI plan was then generated by one of 2 certified medical dosimetrists using PTV_10mm as the target volume and PTV_eval for evaluation. The IMRT APBI was selected as a rigorous comparison of conformality. The prone positioning also enhanced these APBI plans by drawing the target volume away from deep critical structures. Three to 5 noncoplanar, nonopposed 6-MV photon beams were employed, each directed away from the heart, lung, and contralateral breast. The dosimetrists were instructed to use the NSABP B-39 protocol for guidance and dosimetric criteria but also to prioritize highest conformality and maximal sparing of normal breast tissue. Coverage of 95% of PTV_eval was required with the 95% isodose line. Goal constraints included: contralateral maximum <3% of the prescribed dose; ipsilateral and contralateral lung <15% dose to 30% and 5% of their volumes, respectively; and V 5 of the heart <40% in left-sided lesions and <5% in right-sided lesions. Dosimetrists were blinded to the BSRTD planning process and results.
A medical physicist, trained in the use of the BSRTD planning system, generated BSRT plans for each of the PTV_10mm and PTV_3mm evaluation target volumes. This physicist was blinded to the results of the IMRT APBI plans. Monte Carlo-generated dose kernels were used to perform dose calculations and optimization. Treatment planning goals were the same as those for IMRT APBI. Numerous dynamic conformal arcs were employed utilizing 36 noncoplanar rotating cobalt-60 source beamlets for simulated delivery. Patient translation over the rotating source positions was also simulated to allow for complete coverage of the target. For both IMRT and BSRT APBI, comparisons were made based on a theoretical single-fraction delivery. Procedures for BSRTD treatment delivery, time line, and methods have been previously described.
24 Figure 1 . The GammaPod device with device-specific prone patient loader (A). The internal device components including the rotating source carrier and associated collimators (B). The breast immobilization cup system incorporating 2 layered cups with a stereotactic wire fiducial system, negative pressure valve, and silicone flange (C). The breast cup system interlocks with the patient loader. The dynamic dose painting delivery technique is also pictured (D). Courtesy of Xcision Medical Systems, LLC. Dose-volume histogram (DVH) criteria were recorded as volumes receiving percentages of prescription dose (V x ) to allow for direct comparison. Parameters were selected based on clinically important predictors for critical structure complications identified in previous retrospective reports. 22, 23 The following were evaluated: heart V 15 and maximum dose; ipsilateral breast V 5 , V 20 , V 50 , V 80 , and V 100 ; ipsilateral chest wall V 15 , V 25 , V 40 , and V 50 ; ipsilateral lung V 15 and V 25 ; ipsilateral breast skin V 15 and V 40 ; and maximum dose.
Statistical Methods
Statistical analysis was completed utilizing Microsoft Excel 2013. A 2-sided Wilcoxon rank sum test was employed to compare DVH criteria between the 2 modalities. Wilcoxon rank sum was selected based on augmented robustness of comparison for this particularly small sample size. P values .05 were considered statistically significant.
Results

Patient Eligibility
Seven patients were eligible for BSRT with either PTV expansion size. Because of the physical limitations of the BSRTD unit, target volumes were restricted to <1.5 cm above the base of the breast cup. The original approved protocol was designed to enroll only patients who met these criteria; instead, it was intended for testing of the immobilization system and setup. Two additional patients (total n ¼ 9) whose PTV_10mm were outside the treatable range for the BSRTD became eligible when the margin was reduced in accordance with the use of stereotactic localization (ie, PTV_3mm expansion).
Dose-Volume Histogram Analysis
With similar target coverage, the dose to normal structures was consistently reduced utilizing the BSRT technique (Table 1 and Figure 2 ). Example isodose distributions for each plan are provided in Figure 3 . Despite the small sample size, statistical significance was achieved for several parameters. The maximum point dose was higher with the BSRTD but was contained within the PTV (mean 116% vs 111%, P ¼ .03). When using PTV_10mm, the V 20 , V 50 , V 80 , and V 100 of the ipsilateral breast were relatively improved by 30%, 36%, 36%, and 42% (P <.05), respectively. Absolute improvements are designated in Table 1 . With PTV_3mm, these were further improved with reductions of 45%, 57%, 61%, and 69% (P <.02), respectively; in addition, the V 5 was decreased by 10% (P ¼.03; see Table 1 and Figure 2) . With PTV_10mm, the full 2.5-cm expansion from lumpectomy cavity to PTV often placed the PTV in close proximity to the chest wall. As a result, higher isodose levels delivered to the chest wall were not significantly different between the techniques, but the BSRTD was able to reduce spread of the low dose into this region ( Table 2 ). The V 15 of the chest wall was reduced by 25% (P <.05). With PTV_3mm, the distance from the chest wall was increased, and therefore, measurable improvements were made. Relative reductions of 46%, 57%, 64%, and 65% were achieved in the V 15 , V 25 , V 40 , and V 50 of the chest wall, respectively (P <.05).
Both BSRT and IMRT APBI effectively limited dose to the lung and heart. As such, statistically significant differences in dose distribution to these organs were difficult to demonstrate, especially considering the limited sample size. However, the V 15 of the ipsilateral lung was decreased by 84% and 91.4% (P <.02) with PTV_10mm and PTV_3mm, respectively. 11.1% (4.8%-21.2%) 6 . 5 % (3.1%-9.8%), P < .05 3.3% (2.2%-5.3%), P < .02
Abbreviations: BSRTD, breast stereotactic radiation therapy; IMRT, intensity-modulated radiation therapy; PBI, partial breast irradiation; PTV, planning target volume. a IMRT PBI PTV_10mm (n ¼ 7), BSRTD PTV_10mm (n ¼ 7), BSRTD PTV_3mm (n ¼ 9). A volume for breast skin was generated by delineating the most superficial 5 mm of the ipsilateral breast. For plans using PTV_10mm, the V 15 and V 40 of the skin were decreased by 27% and 36%, respectively (P <.02) with the BSRTD; with PTV_3mm, corresponding reductions were 48% and 64% (P <.02).
Discussion
Within our limited sample size, this study demonstrates the increased conformality and improved normal tissue sparing that will be possible with this novel BSRTD system. The consistently improved sparing of normal tissue achieved over IMRT APBI-a more rigorous comparison than with the more commonly utilized 3D-CRT technique-is intriguing and encouraging. This effort further links achievable dosimetric improvements to clinically validated parameters that predict for negative cosmetic outcomes.
When treating identical postoperative volumes as defined in the NSABP B-39 protocol (n ¼ 7), the BSRTD provided significant reductions in dose delivered to the ipsilateral breast, skin, lung, and chest wall. When utilizing the PTV_3mm (total n ¼ 9), based on improved immobilization and target localization with the vacuum-assisted immobilization cup, the reductions were even more pronounced.
External-beam RT approaches to APBI have several distinct advantages over brachytherapy techniques. The noninvasive nature of EBRT is attractive to patients and physicians alike. 20 With this approach, previous Radiation Therapy Oncology Group 0319 experience has demonstrated an acceptably low rate of in-breast recurrence of 6% at 4 years (actuarial), with 4% in-field. 27 In addition, the ability to shape distributions to avoid critical structures such as the breast skin is enhanced over single-lumen techniques. More homogeneous dose distributions to the PTV may be achieved with EBRT techniques, and previous experiences have demonstrated the benefits of neoadjuvant EBRT APBI therapy and of stereotactic approaches. [28] [29] [30] [31] [32] The primary drawback associated with 3D-CRT APBI is that the PTV volumes are 5 or more times larger than those employed in brachytherapy. 33 This is the result of the setup uncertainty that is inherent with EBRT techniques and obviated with a device implanted into or around the lumpectomy cavity. In addition, PTV volume reductions result from surrounding breast tissue being compressed by the balloon devices. The Abbreviations: BSRTD, breast stereotactic radiation therapy; IMRT, intensity-modulated radiation therapy; PBI, partial breast irradiation; PTV, planning target volume. a IMRT PBI PTV_10mm (n ¼ 7), BSRTD PTV_10mm (n ¼ 7), BSRTD PTV_3mm (n ¼ 9). 23 This demonstrated that the size of the target volume and overall conformality of dose can determine cosmesis. Other offprotocol experiences using the NSABP B-39 treatment volumes have found higher isodose lines (such as the V 50 ) to be more predictive of outcomes. 36 In this limited planning study, the BSRTD demonstrated significant reductions in normal tissue exposed to most isodose levels. Differences were most pronounced in the ipsilateral skin, uninvolved breast, and chest wall. These structures receive the greatest proportion of dose and therefore provided the clearest demonstration of differences in distribution. With a reduction to PTV_3mm, further significant and more clinically relevant improvements were achieved. This will be the standard expansion employed when the device is in use.
A limitation of this effort is that patients were often CT simulated for this study well after their definitive surgical intervention, and therefore, the size and morphology of the targeted lumpectomy cavity substantially changed. However, there was sufficient variability in volume to simulate various scenarios. Also, it should be noted that current evidence regarding a dosevolume relationship, especially in terms of cosmesis, is based on 10 fraction regimens. Although the BSRTD is unlikely to be utilized clinically in such a protracted course, its offering of substantially reduced normal tissue exposure across multiple DVH dose levels holds promise for reduced toxicity.
Additional and expanded investigation, in the form of a clinical trial, is warranted for this device and has recently been activated. For 2 patients, the lumpectomy cavities were too close to the chest wall or too far into the axilla to be targeted for BSRT. Further work will also focus on identifying the most appropriate patients for this intervention.
Conclusion
This planning study has provided additional evidence of the dosimetric and immobilization advantages of this novel BSRTD over traditional methods for APBI. Despite the limited sample size, consistent reductions in clinically relevant dose parameters were achieved. Further investigation is underway, in the form of a clinical trial, to elucidate the benefits and advantages of the BSRT system.
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